Objective: Sulphites are widely used food additives that may damage health, hence limits are set on their use. They are excreted in urine as sulphate, along with sulphate derived from sulphur amino acids. Dietary intakes of sulphites are hard to determine, so we have tested the utility of urinary nitrogen:sulphate ratio as a biomarker of inorganic sulphur (IS) intake. Additionally we determined the half-life of ingested 34 SO 4 2À from its urinary excretion. Subjects: Twenty healthy adult subjects were recruited by poster advertisement, for a 24-h study where they ate specified foods, which were high in IS, in addition to their normal diet. The half-life of ingested 34 SO 4 2À was assessed in five healthy volunteers, given 5.9 mmols of Na 2 34 SO 4 as a single dose and collecting all urine specimens for 72-96 h. Urine and duplicate diets from three previously conducted studies were analysed for nitrogen and sulphate content, thus expanding the range of IS intakes for evaluation. Methods: Duplicate diets were analysed for IS content by ion exchange chromatography, while IS intake was predicted from urinary sulphate (g/day S) À (urinary nitrogen (g/day)/18.89).
Introduction
The main sources of sulphur in the diet are sulphur amino acids (organic sulphur) and sulphiting agents (inorganic sulphur, IS). Sulphiting agents (E220-228) are widely used food additives that inhibit enzymic and non-enzymic browning reactions, act as antimicrobial agents and antioxidants (Wedzicha, 1984; Saltmarsh, 2000) . Typical IS food additives are gaseous sulphur dioxide or the sodium, potassium and calcium salts of hydrogen sulphite (bisulphite), disulphite (metabisulphite) or sulphite ions (Wedzicha, 1992) . IS is typically added to processed meats, wine and beers, dried fruit and vegetables, fruit squashes, seafoods and biscuits.
Sulphites have GRAS (Generally Regarded as Safe) status, although calls have been made to revoke this, as they are known to pose a risk to human health. They are thought to cause an acute asthma-like bronchoconstrictive reaction, and other allergic responses, in susceptible individuals (Gunnison and Jacobsen, 1987) and reduce the thiamine content of foods (FAO/WHO, 1978) . Furthermore, the main oxidation product of sulphite (SO 3 À ), sulphate (SO 4 2À ), can be reduced to sulphide (HS À ) by bacteria in the large bowel (Claesson et al., 1990; Florin et al., 1991) . This dissimulatory pathway in anaerobic bacteria is multistage and proceeds as follows:
There is concern that sulphide could be one of the bacterial toxins that triggers the inflammatory process in ulcerative colitis (Pitcher and Cummings, 1996) although dietary protein may be the principal source for sulphide generation in the large bowel (Magee et al., 2000) .
The Food and Drug Administration prohibited the use of sulphites on raw fruits and vegetables (excluding potatoes) in 1987 (Food and Drug Administration Drug Bill, 1986) . In a recent directive on food labelling (2000/13/EC), the European Union requires that foods containing sulphur dioxide and sulphites at concentrations of more than 10 mg/kg or 10 mg/l expressed as sulphur dioxide must identify sulphite on the label (EU websites, 2005a b) . A recent report from the Commission of the European Union on dietary food additives considered that sulphite is likely to exceed the Acceptable Daily Intake (ADI) particularly in children (EU website, 2005c) .
Urinary nitrogen (UN) is a good biomarker of protein intake and is used to validate methods of recording dietary protein (Huse et al., 1974; Isaksson, 1980; Bingham and Cummings, 1985) . Urinary sulphate (US) has also been shown to reflect protein intake Draper, 1980, 1981) , although its interpretation is complicated by IS intakes (Magee et al., 2004) . Magee et al. (2004) previously reported the molar ratio of nitrogen to sulphur (N:S) in protein and calculated this to be 18.9:1 in typical UK diets. Thus, if urinary N is known, this N:S ratio can be used to calculate the organic sulphur content of urine.
Urine is the major excretory pathway for sulphur (Geigy and Basle, 1956; Magee et al., 2004) . We have previously shown that the N:S ratio in urine from protein, 18.4:1, is very close to that in diet (Magee et al., 2004) . Therefore, dietary IS intake can be predicted by subtracting calculated organic (protein) sulphur contribution from total US, which will leave the IS contribution.
The aim of the present studies was to determine the value of urinary IS as a predictor of dietary IS over a wide range of intakes, and to assess the half-life of ingested 34 SO 4 2À , in order to identify the length of time needed to collect urine for IS measurement.
Methods
The high sulphur additive diet Twenty healthy adults, 15 men and 5 women, aged 19-50 years, were recruited to participate in a study assessing IS intake and excretion. Each subject's habitual IS intake was assessed qualitatively by questionnaire and interview, to check for previous exposure to the foods and drinks used in the study, thus ensuring that the volunteers did not have a history of adverse reactions to IS. Exclusion criteria for the study included pregnancy, an established history of gastrointestinal disease or asthma, known allergy to sulphite and participants currently taking multivitamins, herbal remedies or medication (including 'over the counter' pain killers) other than the oral contraceptive pill. 
Study design and diet composition
The study was conducted over a period of 24 h, with subjects given a selection of foods known to be high in IS (Table 1) to be eaten in conjunction with their habitual diet. Volunteers were asked which foods they preferred and the amounts they felt that they could eat during the course of the 24-h period. Each food item was provided enough for the volunteers to ensure that there were sufficient amounts to eat and also to add to the duplicate diet collection. The food items given to volunteers were bought from the same shop at the same time, subsequently stored together and where possible had the same batch number and sell-by date. During the 24 h of the study day, subjects were asked to compile a weighed dietary record, collect a duplicate diet and all urine. pAminobenzoic acid (PABA) was used as a marker to validate the completeness of the urine collections (Bingham and Cummings, 1983) . In an attempt to ensure that IS ingested during the study period was excreted during the period of urinary collection, subjects were asked not to eat or drink after 2200 h on the day of the study, and to drink plenty of fluids throughout (minimum 2 l provided as Highland Spring bottled water).
Duplicate diet collection
Study volunteers were provided with a 4.5 l food storage box and 2 l screw top container for collection of liquids. On the day of collection, volunteers recorded the weight of foods/ beverages consumed before placing an identical duplicate in the storage container or bottle (except water). The local Studies of a urinary biomarker of dietary inorganic sulphur R Curno et al water supply was analysed for IS content and found to be 0.1 mmol/l. Duplicate diets were homogenized using an IKA Ultra Turex T50 with S50N-W65SK dispersing tool.
Urine collection
Twenty-four-hour urine collections were obtained using standard procedures including PABA to check for compliance (Bingham and Cummings, 1983) . Boric acid was added to containers as a preservative. Urinary volumes were recorded and aliquots were immediately frozen at À201C for determination of US. Urine samples with PABA recovery o85% were excluded from further analysis.
Measurement of sulphate and sulphite
Measurement of IS (sulphate and sulphite) in portions of homogenized duplicate diets was carried out by ion exchange chromatography (IEC) using the Transgenomic ICSep AN300B column (length: 250 mm, ID: 4.6 mm) (Crawford Scientific, Strathaven, UK) with a bicarbonate mobile phase (4 mmol/l Na 2 CO 3 , 1.5 mmol/l NaHCO 3 ) at 1 ml/min (Edmond et al., 2003) . Total sulphate in urine was measured in acid hydrolysed samples by IEC as above but with an AS9-SC Dionex column (Florin et al., 1991) . Acid hydrolysis of samples (1:1 with 1.6 mol/l HCl overnight at 901C) ensured release of any bound sulphate present. Bound sulphate accounts for about 10% of total sulphate.
Total dietary sulphur intake
Total dietary sulphur intake was calculated by determining dietary nitrogen in freeze-dried duplicate diets by Kjeldahl analysis. The value for dietary nitrogen was divided by 18.9, giving the amount of sulphur derived from dietary protein (that is, sulphur amino acids). Adding this value to the amount of IS determined in the diet (measured by IEC) gave the total dietary sulphur intake.
Measurement of total nitrogen
Total nitrogen in 24-h urines was measured by the Kjeldahl technique (Kjeldahl, 1883) using a Markham still and pH titration. All chemicals were from Sigma (Irvine, Scotland, UK) or VWR (Lutterworth, Leicestershire, UK) unless otherwise stated.
Urines and duplicate diets from three other studies Urines and duplicate diets were obtained from studies of meat and sulphur additives conducted by Magee et al. (2000 Magee et al. ( , 2004 and phytoestrogens by Ritchie et al. (2004) . Duplicate diets from these studies were assessed for nitrogen and IS content by the methods given above, while nitrogen and sulphate content was measured in 24-h urines in order to predict IS intake.
IS half-life determination Study design and subjects. Sulphur occurs naturally as four isotopes, the most abundant being 32 S (95.06%), followed by 34 S (4.18%), 33 S (0.74%) and 36 S (0.0136%) (Geigy and Basle, 1956 Urine samples were brought to room temperature and vortexed. A 50-1000 ml volume of urine was made up to 1000 ml with ultra-pure water. One milliliter of 1% w/v ammonium carbonate was added, vortexed and cooled on ice for 5 min. Five milliliter of ice-cold methanol was added to 1 ml of the sample mixture, vortexed, left for 10 min on ice and then centrifuged (41C, 1400 g, 10 min). The supernatant was removed and kept in a sealed container at 41C until required for further analysis. LC-MS/MS analysis was performed using an HP1100 LC system (Agilent Technologies, Stockport, UK) connected to a Micromass LC Quattro (Micromass, Manchester, UK). Injection volume varied between 10 and 75 ml, to ensure the total peak area of 32 SO 4 2À and 34 SO 4 2À was not greater than 12 000.
Studies of a urinary biomarker of dietary inorganic sulphur
The LC separation used a mobile phase of 0.1% w/v ammonium carbonate in water:methanol (50:50). LC separation and elution were achieved using a 4 min run time.
Chromatography was performed on a CETAC (Transgenomic Inc.) ICSep ANSC (guard column) 4.6 mm Â 50 mm column (P/N ANX-99-3512), at a flow rate of 0.6 ml/min. 
Statistical analysis

Results
Subject compliance
Subject compliance was good and all 24-h urine collections were checked for PABA recovery, which was greater than 85% in all cases. Table 2 shows the dietary nitrogen and IS content of study diets and UN, US and predicted IS intake from the high sulphur additive study. A plot of actual dietary IS intake (mmol/day) against estimated IS intake (mmol/day) predicted from UN and US excretions for subjects in the high sulphur additive study (n ¼ 20) is shown in Figure 1 . The mean IS intake for this study was 21.2 mmol/day (s.e.71.62) (range 11-37 mmol/day), which compared to the mean IS intake predicted by the biomarker of 10.7 mmol/day (s.e.71.47). The correlation coefficient (r) between measured dietary IS intake and biomarker prediction of IS intake was 0.72. Figure 2 shows US (g/day S) plotted against total dietary sulphur intake (g/day) for subjects consuming diets in the high sulphur additive study (n ¼ 20). The mean total sulphur intake was 44.5 mmol/day (s.e.72.38), compared to the mean amount of sulphur excreted as sulphate in urine 33.5 mmol/day (s.e.71.74).
Intake and excretion of dietary nitrogen and IS
Data were then combined with those from three previous studies for which new dietary and urinary analysis were carried out for this purpose. Protein intakes from all four studies combined ranged from 36 to 212 g/day and the correlation coefficient (r) between protein intake (g/day) and UN g/day was 0.89 ( Figure 3) . A plot of actual dietary IS intake (mmol/day) against estimated IS intake (mmol/day) for all individuals and diets (n ¼ 108) is shown in Figure 4 . The mean IS intake for all studies was 9.2 mmol/day (s.e.70.65), which compared to the mean IS intake predicted by the biomarker of 7.0 mmol/day (s.e.70.45) and the correlation r ¼ 0.60. Figure 6 shows the natural log of 34 SO 4 2À excreted over time for the same volunteer as Figure 4 (HLS-00a). As the plot of natural logarithm of concentration against time is a straight line, it can be concluded that excretion is first order with the slope of the linear trend line equal to -k. Half-life (t 1/ 2 ) ¼ 0.693/k. The half-life for all volunteers was calculated and is shown in Table 3 . The mean half-life of 34 SO 4 was calculated to be 8.2 h. The quantification of the amount of 34 SO 4 recovered in urine during the study was determined by 
Discussion
In the past, IS intake has been difficult to quantify from dietary data, because of the large range of foods that are sulphited and the variations in sulphiting protocols even within the same food type. For example, the range of IS concentrations in 63 different wines (red and white) varied from 0.07 to 0.37 g/l (2.2-11.5 mmol/l) (Edmond et al., 2003) . The development and validation of a biomarker of IS intake is an attempt to circumvent the problems of using conventional dietary intake data. Studies of a urinary biomarker of dietary inorganic sulphur R Curno et al IS intake in the four studies described here were from 1.3 to 37.5 mmol/day, representing the likely whole range of IS intakes for the British population. The mean actual IS intake of 9.2 mmol/day (s.e.70.65) compared to a mean biomarker predicted IS intake of 7.0 mmol/day (s.e.70.45), r ¼ 0.60. The mean total sulphur intake for the group was 44.5 mmol/day, while the mean amount of sulphur excreted in urine was 33.5 mmol/day, a deficit caused mainly by the 10 subjects Inorganic sulphur content of diet (mmol/d) Predicted inorganic sulphur intake (mmol/d) Figure 4 IS content of diet versus predicted IS content of diet, estimated by biomarker, for all studies. n ¼ 108, y ¼ 0.4198x þ 3.1817; r ¼ 0.60. D ¼ Phytoestrogen study,~¼ meat study, J ¼ sulphur additive study, Â ¼ high sulphur additive study. t ¼ 7.72, Po0.001, one-way analysis of variance Po0.05. IS, inorganic sulphur.
Studies of a urinary biomarker of dietary inorganic sulphur R Curno et al consuming the highest intakes of IS (20-37.5 mmol S/day), indicating that a single 24-h urine collection was insufficient to collect large amounts of sulphur ingested over a 24-h study period. While it is known that 83% of sulphur is excreted in urine and 17% in faeces (Geigy and Basle, 1956) , it is proposed that faecal losses would not contribute fully to the deficits found (that is, 11.0 mmol/day). It is likely that the half-life of IS has been underestimated and that spill over occurred after the 24-h collecting period studied. 
Studies of a urinary biomarker of dietary inorganic sulphur
In Figure 4 , the intercept of the trend line with the y-axis shows the biomarker prediction of IS to be 3.2 mmol/day when IS content of the diet is zero. Excluding all data from the high sulphur additive study, the point at which the line intercepted the y-axis is À0.38 mmol/day (data not shown). Thus, it is likely that the continued excretion of US after the 24-h urine collection decreases the efficacy of the biomarker to predict dietary IS content at the higher intakes. This indicates that the 24-h urine collection is good for predicting usual intakes of IS, but less so for high intakes, that is, from binge drinking and other peaks in IS intake.
The time taken for ingested IS to be excreted in urine is unknown. Data from Hamadeh et al. (1999) , who gave volunteers 50 mg of the stable isotope Na 2 34 SO 4 orally to measure human extra-cellular water volume, showed that after 5 h serum levels of 34 SO 4
2À
, although falling, were still high, which indicates that the half-life of IS is in excess of 5 h. Our studies show ( Figure 5 ) that complete absorption of 34 SO 4 2À from the gut to the blood stream took approximately 3-7 h. Plotting half-life against urinary excretion (l/h) suggests that higher urinary outputs were associated (r ¼ 0.87) with a shorter half-life. After 50 h, 93% of the Na 2 34 SO 4 ingested was recovered in the urine specimens collected. Under normal physiological conditions, reabsorption of sulphate by the kidney works near the maximum rate. As plasma levels of sulphate increase the filtered load of sulphate quickly exceeds the maximal tubular reabsorption rate, sulphate appears in urine (Lin and Levy, 1983; Markovich, 2001 ). Thus with a single ingestion of a relatively large load of sulphate, plasma sulphate levels would increase rapidly and result in the excretion of excess sulphate in urine. However, from the 50 h it took to recover 93% of the 34 S ingested, it is unclear whether the maximum glomerular filtration rate is relatively low, or alternatively whether blood is the only pool where sulphate from IS is turning over relatively quickly.
Results from all volunteers indicated a first-order reaction for the excretion of IS, as demonstrated by Figure 6 , and therefore a single well-mixed pool, probably in blood. The mean half-life was calculated to be 8.2 h. Considering three half-lives will represent an 87.5% recovery from a single wellmixed pool, and that it takes approximately 3-7 h for the complete absorption of 34 SO 4 2À from gut to blood stream, approximately 30 h should be allowed to recover around 87.5% of ingested IS in urine. Where a subject is habitually consuming sulphur additives on a daily basis from processed meats, fruit cordials, dried fruits (that is, a processed diet) and wine or beer and is in a steady state of IS intake, a 24-h urine collection will be sufficient to allow the effective prediction of the amount of IS contained in the diet. In order to predict sporadic boluses of IS, that is beer/wine from weekend alcohol consumption, a Mean7s.e. 8.271.1
Studies of a urinary biomarker of dietary inorganic sulphuringested, which is in excess of the habitual daily intake of IS. From these studies, it is suggested that the biomarker is suitable for predicting IS intake from individual 24-h urines from groups of subjects. In order to reach a defined precision for the prediction of IS intake in individuals it will be necessary to calculate the variation of IS intake from repeated 24-h urine collections in a number of subjects, as Bingham and Cummings (1985) have carried out with UN.
The ADI for IS food additives has been set at 0.7 mg/day/kg body weight, a figure which is likely to be exceeded, particularly in children (EU website, 2005c) . The amount of IS added to foods varies widely and at present only the amount of SO 3 À and SO 2 is measured and regulated. The chemistry of sulphur is such that SO 3 À and SO 2 are readily oxidized to SO 4 2À during food processing and storage (Wedzicha, 1992) . However the AOAC method for the determination and regulation of sulphites in foods is an optimized Monier-Williams method (Hillery et al., 1989) , which only measures SO 3 À and SO 2 . Therefore it is likely that foods will contain much more total IS in the form of SO 4
and SO 3 À than would be allowed if it were all present as SO 3 À . Thus given the health implications of ingesting sulphur additives there is a need for a biomarker of total IS intake (SO 4 2À , SO 3 À and SO 2 ).
The versatility of IS (E220-228) as food preservatives is of particular appeal to the food industry producing processed and pre-prepared foods (Wedzicha, 1992; Saltmarsh, 2000) . It has been observed that 'economy' products typically contain more IS than a comparable organic or premium product (Edmond et al., 2002) . Processed foods often also have a high salt content and urinary sodium can be used as a biological marker of salt intake (Joossens et al., 1979) . The combined use of urinary sodium and the urinary biomarker of dietary IS could prove effective as a biomarker of a processed diet and be useful in epidemiological studies.
